The ability to adhere to enterocytes is one of the key features of probiotics. This process involves a number of factors, among which the important role of pili was demonstrated. Some Lactobacillus species are confirmed to have heterotrimeric spaCBA type pili. The aim of this study was to identify spaCBA pili in strains of selected Lactobacillus spp. and assess the impact of their presence and sequence polymorphism on the adhesion of these strains to enterocytes. Total 20 bacterial strains of L. rhamnosus, L. casei and L. paracasei were tested. The presence of pilus specific proteins coding genes spaA, spaB and spaC was verified by PCR in order to identify the presence of sequence polymorphism in the genes possibly affecting the structure of the spaCBA pilus. To correlate spaCBA polymorphism to adhesion capability the adhesion assay was carried out using Caco-2 cell line. The effectiveness of the adhesion was measured using a scintillation counter. The Lactobacillus strains analyzed showed the adhesion to Caco-2 enterocytes capability from 0.6% to 19.6%. The presence of spaCBA pili is a factor increasing the adhesion efficiency of Lactobacillus spp. to Caco-2 enterocytes. Lack of these structures on the surface of bacterial cells results in the reduction in adhesion efficiency, indicating its important role in the adhesion process. But not in all cases the correlation between the presence of protein spaCBA structures and adhesion efficiency was observed, what may indicate the important role of other factors in adhesion of analyzed strains to Caco-2 cells.
INTRODUCTION
Adhesion importance for colonization of gut environment. Adhesion ability of bacteria is a complex phenomenon that facilitates efficient colonization of the host organism (Kimberly et al., 2009) . It is a complex process based on the interactions between the surfaces of microorganism and host cells, and occurs in both pathogenic and non-pathogenic bacteria. Adhesion efficiency depends on the physical and chemical properties of the surfaces. It takes place by using a range of adhesins from a single monomeric proteins to very complex multimeric molecules. A multitude of mechanisms of adhesion makes it difficult to study. Knowledge about pathogens adhesion mechanisms is significantly larger than knowledge about non-pathogenic and probiotic bacteria adhesion (Pizarro-Cerda & Cossart, 2006) . Occurrence of adhesion is extremely important in the gastrointestinal tract colonization by microorganisms. Adhesion to human intestinal tissue allows stable colonization by beneficial microflora and exerting its advantageous effect on human organism. It is the factor causing a number of probiotic-host interactions, including the stimulation of the host immune system (Kankainen et al., 2009) . It is also one of the key criteria which allows to classify microbial strains as probiotics (Joint FAO/WHO Working Group, 2002) .
Bacterial adhesins among lactobacilli. The microorganisms of the genus Lactobacillus are Gram-positive bacteria, which are a component of the intestinal microflora with a significant, positive impact on the human organism. These constitute the majority of probiotic strains used in food industry and medicine. Adhesion capacity is an important characteristic of probiotics, which determines their effectiveness. An important factor involved in the adhesion of lactobacilli to enterocytes are adhesion proteins. Adhesion proteins occurring in lactobacilli can be divided into five groups according to the type of molecules which they bind: -Mucin binding proteins. Relatively best known are the mucus-binding proteins. They are responsible for adhesion to the mucus produced by the epithelial cells of the intestine. Their common feature is often the presence of the signal peptide and a C-terminal cell wall-anchoring LPXTG-like motif (Sanchez et al., 2008) . Among these proteins two types of domains are widely used: domain MUC and domain MucBP, directly responsible for their properties (Kleerebezem et al., 2009) . The first adhesive protein, with proved mucus-binding ability was the mucus-binding protein (Mub) of L. reuteri 1063 (Roos & Jonsson, 2002) . Currently, the number of known adhesive proteins capable of bonding mucus is significant. One of them is also the fimbriae spaCBA protein occurring in Lactobacillus rhamnosus GG (Leeber et al., 2011; Reunanen et al., 2012) .
SpaCBA and its deletions. SpaCBA protein complex is an heterotrimeric pilus, which role as an adhesive protein in lactobacilli was, for the first time, confirmed in Lactobacillus rhamnosus GG (Kankainen et al., 2009) . Not only the role of spaCBA as an adhesion molecule was confirmed, but it is also known that it takes part in the formation of a biofilm and reduces the production of IL-8 by intestinal epithelial cells, thereby reducing the immune response directed against L. rhamnosus GG (Lebeer et al., 2011) . SpaCBA protein is composed of subunits: spaA, spaB and SpaC. spaA is the main subunit, forming the core of the pilus. SpaB subunit is located at the pilus base, and few SpaB subunits can appear on the pilus fibers. spaC subunit is an mucus binding component which is located on the tip and throughout the pilus. SpaB is involved in formation of spaCBA pili and has the same as subunit C mucus-binding capacity, although much weaker (Leeber et al., 2011; . The genes encoding spaCBA fimbriae, as well as sortase participating in its secretion, are located in L. rhamnosus GG genome within LGGISL2 island (Sybesma et al., 2013) . The most recent report (Sybesma et al., 2013) has shown that isolates of L. rhamnosus GG present in dietary supplements are not genetically homogeneous. Genetic changes involving the gene encoding spaCBA protein complex are deletions that lead to the inhibition of subunit spaC synthesis, and a reduced capacity to adhesion of the tested strains.
In our study we analyzed presence of spaCBA coding sequence in several strains of Lactobacillus spp. belonging to Casei group. Several strains showed weak adhesion efficiency to Caco-2 cells and deletions or sequence variation within spaCBA operon. However, there were strains that contained intact spaCBA coding sequence but exhibited weak adhesion efficiency. This is the first examination, to our knowledge, of spaCBA polymorphism and its correlation to adhesion property of Lactobacillus strains.
MATERIALS AND METHODS
Bacteria and human cells. Lactobacillus spp. belonging to Casei group (according to Felis, Dellaglio, 2001 ): human isolates from Departmental Culture Collection and strains from dietary supplements used in this study (Table 1) were grown in MRS broth (Biocorp, Poland) at 37ºC in anaerobic conditions. Human colon adenocarcinoma cell line Caco-2 was used in the adhesion assay (Sambuy et al., 2005) . The cell line was obtained from the European Collection of Cell Cultures (ECACC) and cultured in Dulbecco's modified Eagle's minimal essential medium (Lonza, Belgium) that contained 10% (v/v) heat-inactivated fetal calf serum (Lonza, Belgium) and 1 % non-essential amino acids (Lonza, Belgium). Cells were grown at 37ºC in an atmosphere of 10% v/v CO 2 in air.
Bacteria identification. Bacteria identification was performed as described by Suau and coworkers (1999) , briefly: DNA from bacterial cultures were isolated with Genomic Mini Kit (A&A Biotechnology, Poland) according to the manufacturer instruction. Primer pair S-DBact-0008-a-S-20 (5′ AGA GTT TGA TCC TGG CTC AG 3′) and S-Univ-1492-b-A-21 (5′ ACG GCT ACC TTG TTA CGA CTT 3′) was used to amplify bacterial 16S rDNAs by PCR. Reaction tubes contained 50 ng genomic DNA, 1.5 U of RUN DNA polymerase (A&A Biotechnology, Poland), 1× reaction buffer supplemented to 2.5 mM MgCl 2 , 200 μM each deoxyribonucleotide triphosphate, and 0.44 μM each primer in a final volume of 50 μl. Initial DNA denaturation and enzyme activation steps were performed at 94ºC for 5 min in a Veriti thermocycler (Life Technologies, Poland), followed by 15 cycles of denaturation at 92ºC for 1 min, annealing at 48ºC for 1 min, and elongation at 72ºC for 1 min 30 s, which was followed by a final elongation at 72ºC for 15 min. PCR products were purified and concentrated with Clean-Up kit (A&A Biotechnology, Poland). Purified amplicons were send for sequencing to Genomed S.A. (Warsaw, Poland), each amplicon was sequenced from both strands in extra-long run service. Obtained sequences of both strands were aligned and combined, and then compared to those available in public databases (Ribosomal Database Project and GenBank) in order to ascertain their closest relatives. This allows to confirm taxonomy at genus level and indicates the closest match at species level.
Adhesion assay. Adhesion assay was performed as described previously by Schmidt and coworkers (2010) , briefly: to label bacteria methyl-[ 3 H]-thymidine (60-90 Ci/mmol, 1mCi/ml; Hartmann Analytic GmbH, Germany) was added to the medium at a volume of 5 μl/ml of broth. After 18-20 hours of growth, the bacteria were washed twice with sterile Hank's Buffered Salts Solution (HBSS) and resuspended in the same buffer. Monolayers of Caco-2 cells were prepared in PTFE filter (0.3 μm pore size) inserts for 6-well tissue-culture dishes (Merck-Millipore, Poland) by inoculating 2×10 6 viable cells (passage no. 49-52) per insert in 2.0 ml culture medium. The cells were cultivated for three weeks to allow differentiation. Medium was replaced every 2 days. Twenty one-days-post-confluent Caco-2 cell monolayers were washed once with 1 ml sterile HBSS before the adhesion assay. Bacteria at concentrations of approximately 5×10 8 cfu/ml were added to each well in 2.0 ml (total volume) HBSS and incubated at 37ºC in an atmosphere of 10% (v/v) CO 2 in air. After 60 min incubation, monolayers were washed three times with sterile HBSS to remove free bacterial cells. Amount of adhered bacterial cells was estimated from radioactivity remaining at Caco-2 monolayer. Each assay was performed in triplicate. Radiolabeled bacteria in amount initially added for adhesion and washed Caco-2 monolayer with adhered radiolabeled bacteria were lysed in 0.9 ml of 1% SDS, then 0.1 ml of 1 M NaOH was added and the lysate was incubated overnight at 60ºC to complete lysis. The radioactivity of the lysed suspension was measured by liquid scintillation in Beckmann LS6500 after addition of Hionic-Fluor scintillation cocktail (Perkin-Elmer, Poland). Primer design. Primers for spaA, spaB, and spaC sequence detection were designed with PriFi service (Fredslund et al., 2005) based on DNA sequence alignments. Sequences of spaCBA operon available from GenBank database identified with BLAST search (accession nos.: AP011548.1, FM179322.1, HE970764.1, CP002618.1, CP002616.1, FM177140.1, CP000423.1, CP001084.1) were aligned and submitted to PriFi service to design primer pairs targeting conservative sequence regions to avoid false negative results. Two primer pairs were selected for each ORF (spaC, spaB, and spaA) to amplify sequence fragments at their 5'-and 3'-proximal regions (Table 2) .
RFLP. For sequence polymorphism analysis of spaA, spaB and spaC ORFs primer pairs were designed flanking the sequences of interest (Table 2) . Reaction tubes contained 50 ng genomic DNA, 1 U of Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Scientific), 1× reaction buffer, 200 μM each deoxyribonucleotide triphosphate, and 0.50 μM each primer in a final volume of 50 μl. Initial DNA denaturation was performed at 98ºC for 30 s in a Veriti thermocycler (Life Technologies, Poland), followed by 32 cycles of denaturation at 98ºC for 10 s, annealing at 56ºC for 30 s, and elongation at 72ºC for 30 s, which was followed by a final elongation at 72ºC for 5 min. PCR products were purified and concentrated with Low Elution cDNA Purification Module (Invitrogen), and then digested with restriction enzymes Fnu4HI (Sat I) (Thermo Scientific) and ScrFI (Bme1390I) (Thermo Scientific) for 4h at 37ºC. The restriction fragments length patterns were analyzed using Agilent 2100 Bioanalyzer (Agilent) with Agilent DNA 7500 Kit (sizing resolution ± 5% for 100-1000 bp and ± 15% for 1000-7500 bp).
RNA isolation and RT-PCR. Total RNA from bacterial cultures were isolated with TRI Reagent (Sigma-Aldrich) according to manufacturer instruction with cells disruption facilitated by beads-beating with 2 μm glass beads in Mixer Mill MM400 (Retsch) at 50 Hz for 6 min. Obtained RNA was further purified with TURBO DNA-free Kit (Life Technologies) to remove genomic DNA contamination. The purified RNA was used in PCR reaction to exclude the presence of residual DNA in samples. For this purpose, primers spaA1, spaA2, spaB1 and spaB2 were used for PCR reaction prepared as described above. Genomic DNA-free RNA was reverse transcribed into cDNA using High Capacity RNAto-cDNA Kit (Life Technologies). Obtained cDNA was used in PCR for detection of spaA, spaB and spaC sequences as described above.
RESULTS

Adhesion.
The main role of spaCBA fimbriae is the adhesion to mucosal surface of the gastrointestinal tract. Therefore, we decided to collect a group of Lactobacillus strains belonging to Casei group with various adhesion efficiency. Tested isolates showed large adhesion efficiency variation that ranged from 1 % to 20 %. The most adhesive isolate was L. paracasei, a human stool isolate (HI1). The least adhesive isolate was Lactobacillus rhamnosus designated DS13, derived from dietary supplement (Table 3) .
SpaCBA sequence detection. The next task was to confirm presence of spaCBA coding sequences in the tested strains' genomes. To reach that goal PCR assay was developed with primer pairs targeting the conserved sequence regions at 5'-and 3'-proximity of each open reading frame. Out of the 20 isolates analyzed, 19 were tested positive for spaA sequence. The detection result was assumed positive where at least one of the two pairs of primers gave amplification product of expected molecular weight. Among these 19 spaA-positive isolates a group of 16 were tested positive for spaB ORF. Further analysis revealed that out of these 16 spaBA-positive strains 11 were shown to contain SpaC coding sequence. However, DS9 isolate characterized by spaB-negative amplification was tested positive for spaC. PCR directed to amplify the entire sequence of spaCBA gave positive results for 13 isolates. However, amplification of each ORF separately resulted in successful amplification for spaA in 11 isolates, for spaB in 14 isolates and for spaC only 2 isolates. The results of each PCR reaction is shown in Table 4 .
Variation among spaCBA. Differences between spaCBA sequence detected in the tested strains are likely to be significant. Differences between a sequence of the studied isolates mainly concern C subunit-coding sequence of spaCBA protein. Differences in a sequence of the analyzed fragments detected by restriction fragment length polymorphism occurred in all types of PCR products corresponding to protein spaCBA subunits C, B and A (Table 5 ). The restriction patterns (in case of all subunits) closest to the expected pattern as this of the reference strain (L. rhamnosus GG) occurred in isolate DS2 (L. rhamnosus). The second most similar to it was the isolate DS1 (L. rhamnosus). Isolate HI3 (L. casei) revealed the most different RFLP pattern in terms of each subunit of spaCBA protein complex. Restriction patterns of A subunit was the most stable. In the case of subunit B, the main difference between LGG strain and the other was based on lack of a restriction site in about two thirds length of the subunit sequence. Six strains showed an additional restriction site in the 5'-proximal sequence region (HI2, HI1, DS2, HI5, HI6, DS6). In the case of subunit C, two isolates (giving expected C-subunit PCR product length) had a very similar restriction pattern. There were also performed restriction digestion of PCR products of two strains which did not yield the expected product length, but much shorter (isolate HI2, 1437 bp) or much longer (isolate DS6, 3450 bp) products. In both cases, a restriction fragment pattern is partially similar to reference pattern (LGG strain). However, there were a number of additional restriction sites or loss of some restriction sites.
RT-PCR. To verify expression of spaCBA operon to mRNA level 10 isolates confirmed for presence of the entire operon sequence were tested. Total RNA purified from HI1, HI2, HI3, HI5, HI6, DS1, DS2, DS5, DS6, and DS8 isolates were confirmed to be genomic DNAfree by PCR, then reverse transcribed with random hexamer primer. The RT-PCR analysis based on detection of spaA and spaB sequences confirmed expression of spaCBA operon in DS1, DS2, HI1, HI2, HI3 and HI6 isolates (not shown).
DISCUSSION
Coding sequence amplification and sequence polymorphism. Successful PCR amplification depends on successful hybridization of primers to template, especially regarding 3'-ends of primers. The lack of amplification product may indicate no template (deletion event) or inability of primers to hybridize to template due to sequence polymorphism. To avoid the latter possibility a specific approach was developed. spaCBA sequence of L. rhamnosus GG available in GenBank database was used as a query in BLAST search to identify homologous sequences of other Lactobacillus taxonomically closely related species and strains. Selected sequences from the search results returned were aligned to identify polymorphic sequence sites and primer pairs were designed that target conserved sequence motifs. To ascertain detection process two primer pairs were selected for each open reading frame. Another assay confirming presence of the sequence was PCR for amplification of entire sequence of each ORF separately with primers designed on the spaCBA sequence of the reference strain (L. rhamnosus GG; GenBank accession nr AP011548.1). A group of five isolates (HI1, DS1, HI2, HI3, and HI5) were tested positive by all PCR assays. In either case one of 3 tests for spaC sequences failed to amplify its target. Two isolates (DS3 and HI7) were unsuccessful in all three spaC amplification assays but produced amplicons of expected molecular weight in full operon amplification assay (spaCBA). Together with the finding that the assays for spaC amplification were the most unproductive in case of tested isolates it can be assumed that spaC sequence is the most polymorphic.
Expression of spaCBA subunits. Analysis of spaC-BA operon expression was carried out using RT-PCR. The analysis was performed for 10 strains which gave a positive detection result for spaC, -B and -A ORFs, and amplification of the entire spaCBA coding sequence. Reverse transcription-PCR reaction gave positive results with primers detecting spaA and spaB ORFs in case of DS1, DS2, HI1, HI2, HI3, and HI6 isolates. Despite the negative RT-PCR reaction for spaC it can be assumed that the operon was expressed since spaCBA mRNA is polycistronic and spaC is at the 5'-end of the transcript (Toh et al, 2013) . A negative RT-PCR for spaC sequence might be due to complex secondary structure of the RNA resulting in low efficiency of reverse transcription that was carried at 37ºC. For unambiguous determination of spaCBA expression specific antibodies need to be generated to confirm the protein presence by blot analysis. However, RT-PCR analysis confirmed spaCBA expression in tested isolates that showed adhesion level at 4% and higher (except of HI5). Therefore, despite sequence variation within spaCBA coding sequence a transcription level differences may contribute to adhesion differencies of the isolates. Table 4 . Detection and amplification of spaA, spaB, spaC and spaCBA sequences. Positive sign (+) denotes presence of amplicon of expected molecular weight (specific amplification), negative sign (-) denotes lack of amplification, amplicons of other than expected molecular weight were recognized as non-specific (ns). In several cases coexistence of specific and non-specific amplification was observed. SpaCBA vs adhesion. Seven of ten isolates tested positive for coding sequences of all subunits of spaC-BA protein complex and the entire spaCBA sequence, showed adhesion efficiency to Caco-2 cells of above 3%. Adhesion efficiency of the other three isolates was approximately 2%. The most efficient amplification of pronounced PCR products were obtained for four strains with the highest adhesion efficiency (strain HI1, DS1, HI2 and HI3). Isolates with adhesion efficiency below 1,8% were positive for spaCBA PCR maximally for two subunits (although the amplification reaction had low efficiency), strain DS11 and DS14 -for A and B subunit, strain DS9 -for A and C subunit, DS12 and DS13 -only for A subunit, DS10 -for none subunit. Among the strains with the lowest adhesion efficiency, the presence or absence of a positive PCR result for the sequences detection did not clearly correlated with adhesion efficiency (Fig. 1) . Out of ten isolates tested for spaCBA transcription, in which coding sequences of subunits C, B and A were detected, six showed the presence of spaCBA transcript. These strains are characterized by a high level of adhesion to differentiated Caco-2 cell monolayer (from 4% to 20%). There were also two strains of outstanding adhesion efficiency (20% and 14%) among all tested isolates. The DS5, DS6, and DS8 isolates that were tested positive for entire spaCBA coding sequence were negative for the operon transcription, what may explain their low adhesion efficiency. Other isolates were shown to lack one or more spaCBA ORFs or presence of the sequence variation, that may explain their low adhesion properties. Three isolates (HI4, HI7, and DS3) do not fit the above explanation indicating possible presence of another adhesion factor suggesting that spaCBA is major but not exclusive adhesion for Lactobacillus Casei group.
